Results

132
Metagenome sequencing of honey bees and their cobionts 133 We performed full metagenomic sequencing of 19 samples of UK honey bees
134
(Supplementary Table 1 ). Samples were obtained from hives located across 135 Scotland and England (Fig. 1a) , each sample comprising of 16 (Fig. 1b) . A correlation graph derived from a matrix of identity-by-state (IBS) 162 at each variant position for all samples was used to define related groups of samples 163 (Fig. 1c) . Group 1, which includes the native black bee sample from Colonsay
164
(samples 2 and 9), was less heterozygous than Group 2 (Fig. 1d) . ADMIXTURE (62) 165 analyses were used to explore population subdivision in the data following removal of (Fig. 1e) (Fig. 1f) .
190
The microbiome of honey bees 191 The majority of the data (~90% of reads) from each sample mapped to the honey bee 192 reference genome. Reads that did not map to the honey bee reference were collated 193 and used for a metagenomic assembly. This resulted in over 35,000 contigs greater 194 than 1 kb in length. Contigs were assigned to a taxonomic group by comparison to a 195 series of curated databases in a defined order (Fig. 2a) using BlobTools (52) . First, 196 contigs were compared to the bee cobiont sequence data in the HoloBee Database
197
(v2016.1) (53), followed by genomes and proteomes of species identified as being (Fig. 2b,c) . We discarded contigs with read coverage lower Fig. 1 
239
We examined clusters on the graph further. One (Fig. 4a) contigs that had significant similarity to sequences from other Apis species (Fig. 4b) .
242
The number of reads mapping to these contigs was proportional to the depth of honey 243 bee genome sequencing (Fig. 4c) and we infer that they likely represent reads from Table 2 ).
268
Each species varied in its abundance across the samples. In some nominal species, Fig. 2e ). These are likely to derive 300 either from rare members of the honey bee cobiont community or opportunistic 301 infections. Several clusters had little to no annotation (Supplementary Fig. 2f) Table 2 ). Both Nosema species N. apis (Fig. 6b) and N. ceranae (Fig. 6c) pathogen causing "chalk brood" (Ascophaera apis) were found in cluster 2 and were 324 derived almost exclusively from sample 23 (Fig. 6d) . In close proximity in the network 325 graph was cluster 47, containing contigs assigned to the parasitic mite V. destructor 326 and contigs assigned to Apis mellifera filamentous virus (AmFV), found in 6/19 327 colonies (Fig. 6c) . The largest source of reads mapping to these contigs was sample 328 23, which also had a high prevalence of chalkbrood. Blobplots describing the 329 taxonomy and cumulative span for each panel in Fig. 6 are available in 330 Supplementary Fig. 2d-j. 
331
To validate the metagenomic hits, we employed PCR to screen our samples for B. Fig. 3a-c) . We also identified a small cluster containing only one Fig. 3e ). Using the reference honey bee genome and sequence data from sixteen worker bees 354 from each colony, we defined over five million SNVs with a relatively even distribution 355 across all sixteen chromosomes (Fig. 1) . We also identified likely honey bee-derived 
366
The whole organism-derived sequence data was also used to explore the composition 367 of the communities of organisms living in or on honey bees. Non-A. Mellifera-mapping 368 reads were assembled to generate 160 Mb of genomic sequence from honey bee 369 cobionts. These cobionts were biologically identified using read depth coverage, 370 patterns of coverage across samples and best taxonomic assignment based on 371 comparisons to known organisms. A correlation network based on per-sample read 372 coverages of these contigs (Fig. 2d) did not fully match the relatedness of the source 373 bees (Fig. 1c) 
386
In the honey bee gut, bacterial numbers are highest in the rectum, followed by the 387 ileum, mid-gut and crop (66) . Lactobacilli are mainly found close to the rectum and,
388
together with bifidobacteria, greatly outnumber other species (66) . We identified 389 several contig clusters that likely represented single Lactobacillus species as well as 390 a mixed-origin cluster (Fig. 4) . Most of these were interlinked, revealing patterns of co- (Supplementary Fig. 2c ), evidence of P. apium presence, much (Fig. 6c) . However, we note a recent study 
412
Several distinct contig clusters were assigned to G. apicola and B. apis suggesting the 413 existence of genetically distinct subtypes of these highly prevalent bacteria. (Fig.   414   5a,b) . G. apicola has a high diversity of accessory genes, associated with adaptation 415 to different A. mellifera ecological niches (72, 73) . Increased relative abundance of G. 
428
Our novel use of correlation networks (Fig. 3) This may be a reflection of substrate specialisation based on host foraging (75) .
433
However, several sample specific clusters contained contigs that had no informative 434 taxonomic annotation, potentially revealing uncharacterised species. We identified a are also detailed in Supplementary Table 3) .
493
Variant calling on honey bee files were merged and duplicates marked using Picard Tools v2. which analyses genetic structure using mutual k-nearest neighbour (kNN) graphs.
562
Graphs were created assuming 2 ≤ k ≤ 20 nearest neighbours.
563
Primer design for identification of cobionts using PCR
564
Custom primers were designed against the longest contigs we generated matching 3'). Primers were run through NCBI BLAST to confirm specificity (87). Apicystis bombi 569 specific primers were used as described in Dias et al. (61) . Specific primers against
570
Nosema ceranae were used as described by Chen et al. (96) and Lotmaria passim 571 specific primers were used as described by Stevanovic et al. (77) . 
